The memory deficits associated with Alzheimer's disease result to a great extent from hippocampal network dysfunction. The coordination of this network relies on theta () oscillations generated in the medial septum. Here, we investigated in rats the impact of hippocampal amyloid ␤ (A␤) injections on the physiological and cognitive functions that depend on the septohippocampal system. Hippocampal A␤ injections progressively impaired behavioral performances, the associated hippocampal power, and frequency response in a visuospatial recognition test. These alterations were associated with a specific reduction in the firing of the identified rhythmic bursting GABAergic neurons responsible for the propagation of the rhythm to the hippocampus, but without loss of medial septal neurons. Such results indicate that hippocampal A␤ treatment leads to a specific functional depression of inhibitory projection neurons of the medial septum, resulting in the functional impairment of the temporal network.
Introduction
Deterioration of hippocampal function contributes to the memory deficits associated with Alzheimer's disease (AD) (Scheibel, 1979; Small et al., 1999; Wang et al., 2009) . The processes by which this function is disrupted in AD are not fully understood, but the most widely accepted hypothesis involves the amyloid beta (A␤) cascade and A␤ accumulation in limbic areas (Golde, 2005) . Indeed, the neuronal expression of the human form of the amyloid precursor protein in transgenic mice (Games et al., 1995; Chin et al., 2005; Faure et al., 2009) or A␤ peptide microinjection in rodents (Flood et al., 1991; Stéphan et al., 2001 Stéphan et al., , 2003 elicits several AD-like abnormalities, including amyloid plaques, neuroinflammation, neuritic dystrophy, aberrant sprouting of axon terminals, synaptic plasticity deficits, and the impairment of learning and memory.
The normal function of hippocampus is strongly dependent on a 4 -10 Hz frequency oscillatory activity, namely the theta rhythm (). By controlling the spike timing necessary for the coding of neuronal ensembles, the hippocampal rhythm is involved in various cognitive processes (Vertes et al., 2004) . The medial septum-diagonal band of Broca complex is critically involved in the generation and propagation of the rhythm to the hippocampus (Bullock et al., 1990) . The septohippocampal pathway contains GABAergic, glutamatergic, and cholinergic neurons (Köhler et al., 1984; Frotscher and Léránth, 1985; Manns and Squire, 2001; Sotty et al., 2003) . The oscillation is propagated by numerous bursting neurons that project to the hippocampus, fire rhythmically at this frequency (Dutar et al., 1986; Stewart and Fox, 1989; Vertes and Kocsis, 1997) , and are phase locked to . The GABAergic nature of these rhythmic neurons has been recently proven in vitro (Sotty et al., 2003) and in vivo (Borhegyi et al., 2004; Bassant et al., 2005; Varga et al., 2008) . In contrast, septal cholinergic and glutamatergic neurons do not display such a rhythmic firing pattern but rather a slowfiring pattern in vitro and in vivo (Griffith and Matthews, 1986; Gorelova and Reiner, 1996; Alreja et al., 2000; Sotty et al., 2003; Simon et al., 2006) . Their phase relationship with waves has not been accurately examined in vivo. In AD, a cholinergic septohippocampal degeneration has been assessed but does not seem to account for much of the cognitive impairments in the early disease (Chappell et al., 1998) . However, little effort has been made to investigate the role of A␤ injection on other neuronal subpopulations in the medial septum, in particular those involved in rhythmic activity and associated cognitive functions.
Materials and Methods
Male Sprague Dawley rats (n ϭ 68, 270 -300 g of body weight; Charles River) were housed in conformity with the guidelines of the local animal care and use committee. They were housed three per cage in a temperature-controlled environment under a 12 h light/dark cycle (lights on: 7:00 A.M. Greenwich Mean Time ϩ1). Experiments were performed according to the guidelines of the French Act for Animal Care and Experimentation. All efforts were made to minimize pain and suffering and to reduce the number of animals used.
Microinjection guide and local field potential electrode implantation. Rats were anesthetized with pentobarbital (60 mg/kg, i.p.) and placed in a stereotaxic frame. Supplementary injections of anesthetic were provided as needed during surgery. All incision sites and pressure points were swabbed with lidocaine before surgery. Body temperature was maintained with a heating pad controlled by a rectal thermal probe. A liquid bonding resin (Superbond; Sun Medical) was applied to the cleaned and dried skull surface. For local field potential (LFP) recordings, wide-field monopolar electrodes were placed bilaterally on top of the hippocampus [anteroposterior (AP): 4.5; lateral (L): Ϯ4; dorsoventral (DV): cortical surface] (Paxinos and Watson, 1986 ) and on the occipital crest as a reference. The electrodes were soldered to a connector. For subsequent multiple A␤ injections, two 8.5 mm guide cannulas (23 gauge) were implanted bilaterally (AP: 2.8 and 3.8; L: Ϯ1.5; DV: 1.0) (Paxinos and Watson, 1986) . The guides, which contain 30 gauge obturators, and electrodes were firmly attached to the rat skull using dental cement. Intramuscular antibiotic treatment (cefuroxime, 60 mg/kg; GlaxoSmithKline) was administered every other day during the first 6 days of the recovery period and once a week for the rest of the experiment.
Injection of A␤ or vehicle solution. To model focal A␤ pathology in the dorsal hippocampus in vivo, we used a nontransgenic model consisting of the simultaneous microinjection of A␤40 and A␤42 at a ratio of 2:1 that mimics the seeding role of A␤42 in accelerating aggregation in the presence of a metastable level of soluble A␤40 (Jarrett and Lansbury, 1993) . This combination has previously been shown to induce long-lasting A␤ aggregates associated with dysfunctional synaptic plasticity, inflammation, and learning deficits (Stéphan et al., 2001 (Stéphan et al., , 2003 . A␤ injections were carried out at eight sites under isoflurane anesthesia (0.5%; Baxter) using 29 gauge stainless steel needles inserted through four previously implanted guides located 3.2 and 2.4 mm below the brain surface for the two anterior ones and 2.8 and 2.0 mm below the brain surface for the two posterior ones. The A␤ group (n ϭ 34) received 0.25 l per site of A␤40 (20 g/l) and A␤42 (10 g/l) (Bachem) in vehicle solution (30% acetonitrile and 0.05% trifluoroacetate in sodium chloride, 0.9%). Control rats (n ϭ 34) were injected with 0.25 l of the vehicle solution per site. The needle was left in place for 2 min before the injection, and peptides were injected slowly over a period of 2 min. The needle was left in for a further 2 min period before being slowly retracted to prevent backwash up the cannula tract.
Behavioral paradigm. Rats were evaluated for attention capacity and recognition memory using a spontaneous visuospatial recognition task (vehicle group, n ϭ 7; A␤ group, n ϭ 9) based on the spontaneous exploration of items from different mnesic classes (Fig. 1 A) . Sessions composed of a training trial and a test trial of 5 min each, spaced 1 h apart, occurred in an open circular area (floor diameter: 20 cm; top diameter: 40 cm; height: 36 cm). Six different flat items (5 cm 2 each) were placed over the area and two spots were left empty as follows: (1) long term stimuli (LT) were always placed in the same position for a given rat; (2) short term stimuli (ST) were conserved (stimulus and position) between the two trials of a session but differed (stimulus and position) from one session to another; (3) new stimuli (NS) were different (stimulus and position) for each trial; 4) empty positions (EP) differed in position at each trial. The two last classes of items, NS and EP, were pooled into a single group (novel items) because they both exhibit spatial novelty at each trial. All items were preselected during a pilot experiment for their ability to induce the same level of spontaneous interest. Exposure to the different items was normalized between rats and groups. After a 10 min habituation session in the area for three consecutive days, trial sessions were started the day before A␤ injections, with training and test trials. On the day of injection (day 0), testing was started 1 h after the last injection. Rats were subsequently tested between 9 and 12 A.M. every other day, from day 1 (D1) to D21.
During behavioral testing, rats explore the circular area and rear on stimuli. Since the development of amyloid pathology has been associated with hyperactivity and stereotypic behavior in previous studies (Ambrée et al., 2006 , Richter et al., 2008 , the sensorimotor activity of rats in the experimental area was analyzed during the learning course (during baseline, days 1, 7, 15, and 21). Episodes of rearing for item exploration were defined as the completion of the following exploratory movement pattern: initiation of climbing, climbing, rearing (in which the rat "stands" on its back feet with its forepaws contacting the wall, its body extended and its nose directed toward the stimulus at a maximum distance of 2 cm from it), and descent. The number of rearing episodes per item was scored and analyzed as the main index of exploration. It was then used to calculate the familiarity preference index, i.e., the number of rearing episodes related to LT items as the percentage of the number of rearing episodes related to all items, and the novelty preference index (N), i.e., the number of visits to novel items as the percentage of the number of visits to all items. The time spent on each rearing episode, an index of behavior potentially affecting memory and LFP results, was also independently scored from videotapes (40 ms frame resolution) for exploration of five stimuli per rat. Two others groups of rats were tested that were composed of vehicle-injected (n ϭ 3) and amyloid-injected (n ϭ 4) rats. These rats were exposed to the same experimental context except for the omission of the stimuli, i.e., they had no stimuli recognition learning to achieve to test any potential learning effect on power. Data are presented as the mean Ϯ SEM of the percentage of visits to a given class of items by each group of animals.
LFP recordings. During every behavioral session (vehicle: n ϭ 8; A␤: n ϭ 9), bilateral corticohippocampal LFP signals were collected on a personal computer via a Cambridge Electronic Design 1401 interface using the Spike 2 software (sampling rate, 100 Hz). After the analysis of LFP episodes (7 s episodes, five episodes per rat per day) by fast Fourier transform (FFT), the power spectra obtained during exploratory behavior were computed over the 0 -50 Hz range at a resolution of 0.4 Hz. The frequency with peak power in the 6 -9 Hz band was taken to be the oscillation. Frequency were ranged on FFT (Spike 2) by summing power values of nonoverlapping intervals with cutoffs from 1.95 to 5.86 Hz for 2-6 Hz band, from 5.878 to 8.98 Hz for 6 -9 Hz band, and bins from 8.99 to 49.61 Hz for 9 -50 Hz band. Filtered traces in Figure 1 , D and E, were obtained after a Butterworth bandpass filtering with cutoffs at 6 and 9 Hz for the band. To ensure that the modulation of the frequency was not related to a variation in running speed, peak frequency was measured while the rat was rearing in front of the items, when little or no locomotion was taking place. To quantify oscillatory activity, the normalized power of frequency bands was calculated as the relative power in a band when compared to the total power in all frequency bands for each epoch. To visualize systematic variations in frequency across the different classes of stimuli presented, 3 s episodes of LFP were analyzed according to the stimulus explored. At least 12 episodes per class per day per group were averaged. Group data are represented as the mean Ϯ SEM of the normalized power spectrum for a given band. Fluctuations in other frequencies than the dominant 6 -9 Hz were investigated with time frequency analysis of a larger band (4 -10 Hz) on the LFP collected 21 d after injections. Analyses were performed using OpenElectrophy tools, an electrophysiological data-and analysis-sharing framework open source (http://neuralensemble.org/trac/OpenElectrophy). A continuous Morlet wavelet transform was applied to obtain spectrograms of frequencies in the 4 -10 Hz band. Twelve time-frequency maps by group and by classes were obtained during 3 s periods before, during, and after overlapping stimuli exploration.
To ascertain that frequency measurement was not affected by a systematic speed difference across rats (Jeewajee et al., 2008) , analyses of total distance traveled, the average speed during activity (immobility periods (v ϭ 0) were excluded), and positive acceleration (periods of deceleration or null acceleration were excluded) periods were also performed on the 21st day after injections. The path of the rats in the area was obtained according to x and y coordinates of the rat's head using homemade software for the duration of the entire test trial (300 s) at a Figure 1 . Parallel progressive recognition memory and rhythm power impairments during test sessions after hippocampal A␤ injection. A, Representative diagrams of two successive sessions in the visuospatial recognition task. Sessions were composed of 5 min training and test trials, spaced 1 h apart. Six different flat items and two empty positions were placed over a circular area as follows: long term stimuli, LT, were always in the same position for a given rat; new stimuli, NS, were changed for each trial; the empty position, EP, was changed for each trial. The two latter classes were pooled into a single group (novel) because they share systematic spatial novelty. Short term stimuli, ST, were conserved during the course of a session but changed in subsequent sessions. They were used as second-level recognition discriminators, but no differences in visits to these items were observed in this study, and they were not taken into consideration in further analyses. B, C, Exploration of familiar (LT) items (B), and novel (NS and EP) items (C) for vehicle-treated (n ϭ 7, open circle) and A␤-treated animals (n ϭ 9, black square) from 1 d before to 21 d after injections. Dashed gray lines indicate the chance level to visit familiar items (25%) and novel items (50%) in B and C, respectively. D-G, Power spectrum from LFP sequences (7 s epochs) (1 s for illustration with raw and Butterworth-filtered LFP traces) recorded during visits to items on the 21st day after vehicle (D) or A␤ (E) injections. F, G, Quantification of normalized power, from 1 d before to 21 d after injection. Normalized power (percentage) of 6 -9 Hz (F ) and 9 -50 Hz (G) bands for vehicle group (n ϭ 8, open circle) and A␤ group (n ϭ 9, black square). Data are represented as mean Ϯ SEM. The dependence of the activity with respect to stimulus class was determined by linear regression analyses; *p Ͻ 0.05. Vh-LT: F (1,89) ϭ 9.7, p Ͻ 0.05; Vh-NS: F (1,89) ϭ 4.27, p Ͻ 0.05; A␤-LT: # p Ͻ 0.05). H, Quantification of normalized power 21 d after injection in rats that achieved stimuli recognition task (left) for vehicle (n ϭ 8, white bar) and amyloid (n ϭ 9, black bar) and in rats with no learning (i.e., no stimuli recognition) (right) for vehicle (n ϭ 3, white striped bar) and amyloid (n ϭ 4, black striped bar) (D21, unpaired t test, no learning: t (1-5) ϭ Ϫ8.357; p Ͻ 0.5). Hippocampal A␤ injections induced progressive recognition memory and rhythm power impairments independently of learning per se. resolution of 25 image/s. Immobility periods were defined when instantaneous speed was null. Paths, distance, speed, acceleration, and immobility periods were characterized for seven rats per group. The total distance traveled, the average speed during activity periods (immobility periods were excluded), and positive acceleration are displayed as mean Ϯ SEM.
Single-unit electrophysiology. At the end of the last behavior session, rats (vehicle: n ϭ 8; A␤: n ϭ 9) were anesthetized with urethane (1.5 g/kg, i.p.) and placed in a stereotaxic frame. In addition to the general anesthesia, all incision sites and pressure points were swabbed with lidocaine before surgery. To record LFPs, wide-field monopolar electrodes were placed above the left hippocampus (AP: 5; L: 3; DV: cortical surface) and on the occipital crest as a reference, as mentioned above. The skull was opened above the medial septum-diagonal band (AP: 9.5; L: 0), and the central sinus was ligated and cut. Single units were recorded along the midline of the medial septum-diagonal band (L: 0 Ϯ 0.4) using glass microelectrodes (10 -15 M⍀) filled with 0.5 M sodium acetate and 5% neurobiotin (Vector Laboratories). Single units were recorded in the presence of hippocampal , either occurring spontaneously or induced by mild pressure on the tail. The neuronal signal was amplified by a DC amplifier (Axoclamp 2B; Molecular Devices), filtered between 0.1 and 5 kHz using a signal conditioner (Cyberamp 380; Molecular Devices), and digitized at 25 kHz (Cambridge Electronic Design). Once a single neuron was isolated, the discharge rate and spontaneous or induced bursting activity were examined online and then recorded for ϳ5 min. A fraction of the recorded neurons (the nonjuxtacellular labeled neurons) from the medial septum-diagonal band was obtained from the same rats for which LFP and behavioral studies were carried out [vehicle group: four rats (35 cells); A␤ group: five rats (37 cells)]. Juxtacellular recording and labeling studies were carried out to identify the neurochemistry of rhythmic bursting (RB) and slow medial septum-diagonal band neurons in a new set of animals, with the addition of one animal per group from the LFP and behavioral studies [vehicle group: 10 rats (14 cells); A␤ group: 11 rats (16 cells)]. The electrode was positioned progressively closer to the targeted cell. Pulses of anode current (200 ms; 50% duty cycle) were delivered through the neurobiotin-filled recording electrode. Current amplitude was incrementally increased from 0.4 to 15 nA until the cell was driven to fire for 3-10 min (Pinault, 1996) . When two cells were targeted in the same rat, they were located in distinct areas of the medial septum-diagonal band (left or right side, dorsal or ventral) to ensure unambiguous identification (mean number of labeled cells/rat: vehicle, 1.4; A␤, 1.45). Only neurons located within the medial septum-diagonal band were included in this study.
Analysis was carried out for periods of oscillation identified by a continuous wavelet transform with Morlet wavelets, with at least 25% of the wavelet power of the 0 -10 Hz band contained in the 3-5 Hz band. The average discharge rate (spikes/s) and instantaneous firing frequency ( f ) [i.e., the first modal peak of the interspike interval histogram (ISIH; 200 bins of 5 ms)] were calculated, and an autocorrelation histogram (HAC; 100 bins of 10 ms) was constructed to characterize the RB pattern of activity. The autocorrelation histogram shows periodic peaks of sinusoidal density with the occurrence of recurrent events such as a rhythmic burst of action potentials (Perkel et al., 1967) . An "index" of rhythmic activity (average value of peaks minus average value of troughs divided by the average discharge rate) was used to classify cells as RB or non-RB neurons . Cells with an index below 0.95 were classified as nonrhythmic. A higher index denotes more regular RB activity. Four patterns of discharge were distinguished: burst firing (2-20 spikes/ burst; intraburst interval: 30 ms; interburst interval: 60 ms; bimodal ISIH, rhythmicity index: 0.95); cluster firing (irregular clusters of a few spikes; abscissa of ( f ) ISIH, Ͻ25 ms); tonic firing (average discharge rate, Ͼ4 spikes/s, ISIH monomodal; abscissa of ( f ) ISIH, Ͼ25 ms, flat HAC) and slow firing (average discharge rate Ͻ4 spikes/s). In addition, the duration of the burst and the number of spikes per burst were calculated for burst analysis (20 bursts per cell).
Phase locking was assessed over the periods of oscillations identified previously. The phase of each spike during these periods was computed relative to the positive peaks (corresponding to the zero phase) of the 3-5 Hz bandpass-filtered LFP. The spike distribution of the phases was then fitted with a von Mises distribution to yield the preferential phase and phase concentration degree (). All rhythmic bursting cells were found above a threshold of Kappa Ͼ0.5, corresponding to Ͼ40% of the analyzed spikes preferentially locked to the rhythm. The goodness-of-fit was tested against the null hypothesis of uniformity by a Rayleigh test. No fit was performed when Ͻ10 spikes were available.
Neuroanatomy for juxtacellular labeled cells. From 1 to 6 h after the labeling of neurons immediately following electrophysiological recording, deeply anesthetized rats were perfused transcardially with paraformaldehyde (4%) in NaK 2 buffer (0.1 M) with picric acid 15%. Brains were cryoprotected with 30% sucrose for 24 -72 h and then frozen at Ϫ30°C. They were coronally sectioned at a thickness of 40 m at the level of the medial septum-diagonal band (AP: 9.9 to 8.8) (Paxinos and Watson, 1986) , and sections were collected in 0.1 M NaK 2 buffer with sodium azide (0.05%). For the detection of neurobiotin-injected neurons, free-floating sections were incubated with streptavidin-Cy3 (1:4000; Jackson ImmunoResearch Laboratories) in Tris-buffered saline (TBS), pH 7.4, for 30 min. They were then rinsed in TBS, mounted on glass slides, and coverslipped with Vectashield (Vector Laboratories). Red fluorescentlabeled cells were located with an Axioplan 2 microscope under epifluorescence illumination (Zeiss).
Immunohistochemistry: primary antibodies. Cholinergic cells were detected with a goat antiserum directed against choline acetyltransferase (ChAT) (1:100; Millipore Bioscience Research Reagents, catalog #AB144P). GABAergic cells were detected with a polyclonal rabbit antibody that preferentially recognizes the larger form (67 KDa) of glutamic acid decarboxylase (GAD67) but also recognizes GAD65 (1/500; Millipore Bioscience Research Reagents, catalog #AB5992). A monoclonal antibody directed against the calcium binding protein parvalbumin (1: 500; Sigma catalog #P3088) was also used.
To characterize the neurochemical identity of neurobiotin-containing neurons, the relevant sections were demounted, rinsed in TBS, and blocked by preincubation in 5% normal donkey serum in TBS for 30 min. When cells were expected to be cholinergic (based on electrophysiological parameters), sections were incubated in a mixture of goat antiChAT and rabbit anti-GAD primary antibodies for 48 h at room temperature, and immunoreactivity was revealed with a mixture of Alexa 488-conjugated donkey anti-goat IgG (1:100; Invitrogen) and Cy5-conjugated donkey anti-rabbit IgG (1:100; Jackson ImmunoResearch) for 2 h. When cells were expected to contain parvalbumin, sections were incubated in a mixture of mouse anti-parvalbumin and rabbit anti-GAD, and immunoreactivity was detected with Alexa 488-conjugated donkey anti-mouse IgG (1:100; Invitrogen) mixed with Cy5-conjugated donkey anti-rabbit IgG. Sections were then rinsed, mounted, and coverslipped. To ensure the detection of all phenotypes, when neurobiotin-labeled cells were negative for ChAT immunolabeling, sections were reincubated for parvalbumin detection and vice versa. Control incubations performed with sections containing ectopically labeled cells included an omission of the primary antibodies to test for nonspecific binding of the secondary antibodies and incubation with one of the primary antibodies and all secondary antibodies to demonstrate the absence of cross-reactivity in double-and triple-labeling experiments. The Cy3/A488/Cy5 triplelabeled cells (neurobiotin/ChAT or parvalbumin/GAD) were detected by confocal laser scanning microscopy using a TCS SP2 confocal imaging system equipped with a 488 nm argon, a 543 nm helium-neon, and a 633 nm helium-neon laser (Leica Microsystems). Digital images were collected from a single optical plane using a 40ϫ Plan-Apochromat oilimmersion lens (numerical aperture, 1.25). The pinhole setting was 1 Airy unit for all images. Triple-fluorescence images were acquired in sequential mode to avoid potential contamination by linkage-specific fluorescence emission cross talk.
Histology. Histology and immunohistochemistry were systematically performed to identify the injection tract, the injection site, and A␤ deposits. Specific antibodies were used to assess astrocytic (rabbit polyclonal anti-GFAP, 1:2000 dilution; DakoCytomation) and microglial activation (OX42, 1:100 dilution; Serotec) and the presence of the A␤ peptide in tissue (anti-A␤, 1:200 dilution; DakoCytomation). 4Ј,6-Diamidino-2-phenylindole (DAPI; 1:5000) was used to stain nuclei. For immunohistochemistry, immunolabeling was performed on freefloating 40-m-thick sections. Sections were rinsed in TBS (0.1 M) three times (10 min/wash). Nonspecific epitopes were then blocked by incubation in 10% normal donkey serum and 0.3% Triton X-100 in TBS for 1 h. Sections were incubated in the primary antibodies overnight at room temperature and washed again three times in TBS (10 min/wash). Secondary antibodies (donkey anti-rabbit Cy3 and donkey anti-mouse Alexa 488, 1:200 dilution) were applied for 90 min. DAPI (1:10 7 ) was added 5 min before the end of staining. All sections were mounted on Superfrost slides with Fluoromount and coverslipped. Cells were visualized with a Zeiss Axioplan 2 microscope under epifluorescence illumination. Control incubations performed using adjacent sections included an omission of the primary antibodies to test for nonspecific binding by the secondary antibodies.
Cell counting and immunoreactivity. To estimate the loss of cells in the medial septum-diagonal band, ChAT, parvalbumin, and NeuN (neuronal marker) labeling was performed on 5 medial septum-diagonal band sections (40 m) from a separate experimental set of five vehicle-and five A␤-injected rats. These sections corresponded to the major part of the vertical limb (0.6 mm 2 fields, Ͼ60% of medial septum-diagonal band between levels 9.7 and 9.3 anterior to the interaural level). Immunolabeled somata were analyzed using the free NIH ImageJ (version 1.40) software and independently counted by two individuals blind to the experimental protocol. Data from five slices were expressed as a percentage of the mean value obtained for vehicle-treated animals. For the identification of microglia, 40 m slices from the dorsal hippocampus, spaced 160 m apart, were labeled with the mouse anti-OX42 antibody and revealed using donkey anti-mouse Alexa 488. Images of the reaction site were acquired using a 10ϫ objective with a Photometrics camera under epifluorescence illumination. The sum of the mean fluorescence in the x-axis of each picture (examples in supplemental Fig. S1C , available at www.jneurosci.org) was calculated and the spectrum was integrated using the NIH ImageJ (version 1.40) software. The spectra of eight slices per hippocampus and per rat were summed (vehicle, n ϭ 7; A␤, n ϭ 9). The relative level of A␤ immunolabeling measured in A␤-injected animals (mean Ϯ SEM) was compared with immunolabeling in vehicle-treated animals.
Statistical analysis. Behavioral and electrophysiological data (LFP power and frequency) were analyzed using repeated measures ANOVA with trial and group as factors and regression during the course of learning. Follow-up comparisons between groups during specific days or measures of cell density were analyzed using an unpaired t test. Neuronal populations and electrophysiological classes were analyzed using a 2 test.
Results
Hippocampal A␤ injections induce progressive impairment of recognition memory and rhythm power Multiple bilateral microinjections of A␤40 and A␤42 into the dorsal hippocampus (see Materials and Methods) were carried out to obtain long-lasting focal A␤ deposits and neuroinflammation as reported previously (Stéphan et al., 2001 (Stéphan et al., , 2003 (supplemental Fig. S1 , available at www.jneurosci.org). To test whether A␤ injections induce changes in visuospatial recognition memory performance, the exploratory behavior of rats with respect to familiar and novel items was monitored from the day before to 21 d after the microinjection of A␤ or vehicle. As shown in supplemental Figure S2 , A and B, available at www.jneurosci.org, A␤-and vehicle-treated rats did not differ with respect to the total number of items explored during the 5 min sessions, with Fig. S2C ,D, available at www.jneurosci.org). In contrast, A␤-and vehicle-treated rats differed in terms of item preference across test sessions ( Fig.  1 B, C) . Vehicle-treated rats presented a progressive decrease in expression of activity to familiar items and positions (n ϭ 7, linear regression analysis with day as the independent factor and activity as the dependent factor, LT: F (1,89) ϭ 9, 7, p Ͻ 0.05) and a reciprocal increase in activity related to novel items and positions across test trials (linear regression analysis, NS: F (1,89) ϭ 4,27, p Ͻ 0.05). In contrast, A␤-treated rats spent more time exploring familiar items and positions (n ϭ 9; LT: F (1,115) ϭ 15,77, p Ͻ 0.05) and progressively decreased their exploratory activity related to new items and positions (NS: F (1,115) ϭ 8,43, p Ͻ 0.05), an effect that was exacerbated during the third week after the injections (Fig. 1 B, C) . The interaction between groups and time (sessions) (ANOVA repeated measures, LT items: F (12,168) ϭ 3.22, p Ͻ 0.01) indicated that hippocampal A␤ treatment induces a progressive deficit over time in the ability to discriminate between previously explored items and novel ones. Since empirical studies have demonstrated the involvement of hippocampal oscillations in memory encoding and retrieval processes (Sederberg et al., 2003; McCartney et al., 2004; Ekstrom et al., 2005; Mormann et al., 2005) , oscillations from hippocampal fields were recorded during item exploration. LFP episodes during basal exploration (DϪ1) were similar in A␤-and vehicletreated rats in terms of oscillatory activity (data not shown), but lower power activity during LFP episodes was observed 21 d after A␤ injections (Fig. 1 D, E) . To analyze the time course of oscillatory changes, normalized power from LFP epochs during exploratory behavior were averaged by group and session (see Materials and Methods) (Fig. 1 F, G) . The power in frequencies below the band was comparable between vehicle-treated (n ϭ 8) and A␤-treated rats (n ϭ 9) (D21, 14 and 15.5% respectively; repeated measures ANOVA with group and time as factors: F (15,180) ϭ 1.595, ns). The power of vehicle-treated rats was stable over time, while it markedly decreased between D9 and D21 in A␤-treated rats (from 68.5 to 60.5%; repeated measures ANOVA with group and time as factors: F (15,180) ϭ 2.787, p Ͻ 0.01). In A␤-treated rats, the power of higher frequency activity progressively increased from D9 to D21 (15.3 to 20.8%), but not in vehicle-treated rats (15.7 to 15.2%, repeated measures ANOVA with group and time as factors: F (15,180) ϭ 3.98, p Ͻ 0.0001) (Fig. 1G) .
To understand whether the alteration was directly related to the A␤ treatment independently of learning differences per se, data were obtained from an additional set of rats [A␤ (n ϭ 4) or vehicle (n ϭ 3)] that were exposed to the same experimental context except for the omission of the stimuli, i.e., they had no stimuli recognition learning to achieve (Fig. 1 H; supplemental Fig. S2 E, available at www.jneurosci.org). In these A␤-treated rats without stimuli presentation, activity also declined with time while such decline did not occur in vehicle-injected rats [time effect on activity with treatment (A␤ vs vehicle) by repeated measures ANOVA, group and time factors: F (1,12) ϭ 2.039, p Ͻ 0.01]. Finally, a decrease in absolute power 3 weeks after injection was observed in A␤-treated rats, but not in vehicletreated rats (ANOVA: F (1,15) ϭ 0.033, p Ͻ 0.05) (supplemental Fig. S2 F, available at www.jneurosci.org). Thus, A␤ injections in the dorsal hippocampus induced a progressive decrease in hippocampal oscillations that correlated with behavioral shift toward familiar stimuli.
Hippocampal A␤ injections alter the frequency modulation associated with recognition memory
A link between novelty detection and hippocampal rhythm has recently been established by the demonstration of a drop in the peak frequency of during exposure to environmental novelty (Burgess et al., 2007; Jeewajee et al., 2008) . In vehicle-treated rats, the analysis of LFP epochs during the exploration of novel and familiar items revealed that the peak frequency changed according to the novelty of the items visited (Fig. 2 A, B) . The peak frequency dropped on days 15 and 21, when vehicle-treated rats expressed behavioral discrimination between new and familiar items (unpaired t test; DϪ1: t (1-15) ϭ Ϫ0.41, ns; D15: t (1-23) ϭ 2.31, p Ͻ 0.05; D21: t (1-23) ϭ 2.31, p Ͻ 0.05) (Fig. 2C) . In contrast, A␤-treated rats failed to exhibit a modulation of the peak frequency during the exploration of novel items (Fig. 2C ) (DϪ1: t (1-31) ϭ Ϫ0.32, ns; D15: t (1-24) ϭ 0.63, ns; D21: t (1-23) ϭ Ϫ0.021, ns).
To control for any potential effects of running speed on the analysis of frequency modulation according to novelty detection (Jeewajee et al., 2008) , behavioral variables such as the total distance traveled, average positive speed, and acceleration during the test session were analyzed on day 21, when vehicle-treated rats exhibited a drop in frequency in correlation with behavioral discrimination between novel and familiar stimuli (supplemental Fig. S3 , available at www.jneurosci.org). Differences in total distance traveled (t (1-12) ϭ 0.68, ns) (supplemental Fig .S3 A, B , available at www.jneurosci.org), average non-null speed on running epochs (t (1-12) ϭ 1.47, ns), and average positive acceleration (t (1-12) ϭ 1.11, ns) between groups were nonsignificant, as revealed by unpaired t tests.
Because oscillations are involved in mechanisms underlying sensorimotor integration (Bland and Oddie, 2001 ), the dynamic oscillation frequencies were further explored during different behavioral phases, i.e., before, during, and after item exploration (supplemental Fig. S4 , available at www.jneurosci.org). Averaged time-frequency maps and cumulative proportion of frequencies were obtained from a larger band (4 -10 Hz) on the LFP collected 21 d after injections. In vehicle-treated rats, a modulation of the frequency of the oscillations took place during the different behavioral phases with lower oscillations before and after stimuli exploration. In contrast, in A␤-treated rats no modulation of the frequency was observed across the behavioral phases, and oscillations tended to higher frequency (supplemental Fig.  S4 E, available at www.jneurosci.org).
Altogether, the behavioral data demonstrate reduced band oscillation modulation in response to the familiarity/novelty context in A␤-treated rats.
Hippocampal A␤ injections reduce the activity of rhythmic GABAergic neurons in the medial septum-diagonal band of Broca Intact septohippocampal projections are required for the generation of the hippocampal rhythm (for review, see Buzsáki, 2002) . To assess whether hippocampal A␤ infusions alter neuronal activity in the septohippocampal network, medial septumdiagonal band neurons were recorded under anesthesia during hippocampal epochs, 25 (Ϯ 3) days after A␤ or vehicle injections. All neurons presented specific firing patterns during the hippocampal rhythm (Sotty et al., 2003; Borhegyi et al., 2004; Simon et al., 2006) : "slow" cells that on average fired less than one spike per cycle, "tonic" cells that on average fired more than one spike per cycle but did not fire bursts, and "rhythmic bursting" cells, which are known to be GABAergic septohippocampal neurons, and that fired bursts of spikes phase locked to the cycle (Fig. 3 A, B) . A small fraction of the recorded cells (vehicle: n ϭ 6/49; A␤: n ϭ 7/53) exhibited bursting activity intermingled with long pauses (supplemental Fig. S5 , available at www.jneurosci. org as supplemental material) previously described as "cluster- type" activity (Simon et al., 2006) . No difference was seen between such cells from vehicle-and A␤-treated animals, and they were not given further consideration in the present study (supplemental Fig. S5 , available at www.jneurosci.org). A␤ injections did not alter the average firing rate of slow-firing and tonicfiring septal neurons during oscillation; in contrast, rhythmic bursting neurons exhibited a ϳ40% reduction in the firing rate after A␤ injection (Fig. 3C) . Moreover, these cells exhibited a nonsignificant trend for shorter burst with 20% decrease in duration (vehicle: 98.8 ms; A␤: 78.8 ms) and a 40% decrease of spike number per burst [vehicle (n ϭ 10 cells): 6.5 Ϯ 0.46 spikes/burst; A␤ (n ϭ 10 cells): 4.0 Ϯ 0.39 spikes/burst; t test F (1,18) ϭ 4075, p Ͻ 0.05) (for examples, see Fig. 3D ). Thus, hippocampal A␤ injections resulted in the specific reduction of firing activity in rhythmic bursting medial septum-diagonal band neuron.
Hippocampal A␤ injections increased the occurrence of phase-locked slow-firing neurons
The firing of a large percentage of septal neurons is modulated in phase with hippocampal oscillations (Gogolák et al., 1968 ). An analysis of this phase locking of septal neurons to oscillations also revealed changes following A␤ injection. The occurrence of phase-locking was assessed by a Rayleigh test (see Materials and Methods and supplemental Fig. S6 , available at www.jneurosci. org). Its magnitude was quantified by fitting it with a von Mises distribution, which yielded a value for the concentration of the distribution, , indicating the degree of phase locking (with a higher corresponding to stronger phase locking) (for examples, see Fig. 4 A, B ,C for slow, rhythmic, and tonic cells, respectively). Among phase-locked neurons in the vehicle group, the vast majority, i.e., 17/19 cells, presented rhythmic bursting activity (Fig.  4 B, D,E) , whereas only two phase-locked cells displayed slow activity (Fig. 4 E) . In marked contrast, in A␤-injected animals a significantly higher proportion of phase-locked cells displayed a slow-firing pattern (8/21 cells) (binomial test, p Ͻ 0.05) (Fig.  4 A, D,E) . This suggested that A␤ injections reduced the firing rate of some rhythmic bursting neurons to less than one spike per cycle but did not interfere with their phase locking to . To assess the relation between reduced firing rate and decreased power, a correlative analysis was performed. Lower firing rate of phase locked unit cells significantly correlated with the decrease of power record (F (1,20) ϭ 12.52, R 2 ϭ 0.3851, p Ͻ 0.005; data not shown). Decreased rhythmic bursting activity in medial septal neurons after hippocampal A␤ injection. A, Examples of medial septal neurons electrophysiologically classified as slow, rhythmic, or tonic for vehicle-and A␤-treated animals during hippocampal epochs (top traces). B, Corresponding interspike interval histograms for each class of cells in vehicle-treated (left-hand graph for each cell type) and A␤-treated animals (right-hand graph for each cell type). C, Mean spontaneous firing rate for each class of medial septal neurons from vehicle-treated (white bars, n ϭ 49) and A␤-treated animals (black bars, n ϭ 53); *p Ͻ 0.05, ANOVA with group and cell class as factors. D, Examples of rhythmic bursts in rhythmic neurons from vehicle-treated (left) and A␤-treated animals (right). The rhythmic bursting activity in medial septal neurons is specifically altered in A␤-treated rats.
Neurochemical identification of slow and rhythmic firing septal neurons after hippocampal A␤ injection
To investigate changes in the properties of septal neurons, electrophysiological recordings were combined with juxtacellular labeling followed by immunohistochemistry (29 cells). The recorded neurons were located in the vertical limb of the medial septum (supplemental Fig. S7 , available at www. jneurosci.org). Almost all rhythmic bursting neurons (8/9 and 9/9 in vehicle-and A␤-injected rats, respectively; no immunoreactivity was seen in one rhythmic bursting neuron) exhibited the expected GABAergic phenotype (for examples, see Fig. 5 A, B) . Among these, a third (3/9 and 3/9 in vehicle-and A␤ -treated rats) were both parvalbumin and GABA immunoreactive, in agreement with the proportion of such cells reported previously (Sotty et al., 2003; Borhegyi et al., 2004; Simon et al., 2006) (for examples, see Fig. 5A ). In A␤-treated rats, parvalbumin-expressing GABAergic neurons displayed a significantly lower firing rate than those recorded in vehicle-treated rats (mean firing rate, 22.18 Ϯ 4.23 and 9.81 Ϯ 2.78 Hz from vehicle-and A␤-treated rats, respectively; unpaired t test, p Ͻ 0.05; see supplemental Table 1 , available at www.jneurosci.org) (for examples, see Fig. 5B ). In contrast, the difference did not reach significance in GABAergic neurons that did not express parvalbumin (vehicle: n ϭ 5 cells, mean firing rate, 23.96 Ϯ 5.05 Hz; A␤-treated rats: n ϭ 6 cells, mean firing rate, 13.41 Ϯ 3.07 Hz; unpaired t test, ns). All parvalbuminpositive GABAergic rhythmic bursting neurons from vehicle-and A␤ treated animals were similarly phase locked to . Thus, A␤ injections preferentially reduced the firing rate of parvalbumin-expressing GABAergic rhythmic bursting neurons, which are known to be septohippocampal projection neurons (Tó th et al., 1993) .
Slow-firing neurons were labeled during recordings in vehicle-treated (n ϭ 6) and A␤ treated rats (n ϭ 6) (see supplemental Table 1 , available at www. jneurosci.org as supplemental material; for example, see Fig.  5C,D) . In vehicle-treated rats, two cells were GABAergic, one was cholinergic, and three were neither cholinergic nor GABAergic. In A␤-treated rats, five of the six neurons expressed a GABAergic phenotype while the remaining cell was neither cholinergic nor GABAergic (for example, see Fig. 5C,D) . Thus, in A␤-treated rats the slow-firing neuronal population mostly consisted of GABAergic cells, whereas these cells constituted only a minority of the population in vehicle-treated rats as previously observed in noninjected animals (Simon et al., 2006) .
We next investigated whether the absence of cholinergic cells in our example from A␤-treated rats was due to a strong cholinergic depletion in the septum-diagonal band. However, when compared to vehicle-treated rats the decrease in ChAT cell density and immunoreactivity in A␤-treated rats was surprisingly minimal (Ϫ14 and Ϫ16%, respectively) and nonsignificant (unpaired t test, ns) (Fig. 5F ). We also examined whether hippocampal A␤ injections induced the loss of GABAergic parvalbumin-expressing neurons in the medial septum-diagonal band. Paradoxically, parvalbumin immunoreactivity was increased in A␤-treated rats when compared to vehicle-treated animals (46% increase, unpaired t test, p Ͻ 0.05) (Fig. 5G) . However, there was no modification in the total number of medial septum-diagonal band neurons labeled by the neuronspecific nuclear protein (NeuN; data not shown). These data suggest that hippocampal A␤ injections did not affect the survival of parvalbumin-expressing GABAergic medial septum-diagonal band neurons but did selectively reduce their activity while inducing an increase in parvalbumin expression.
Discussion
Despite the vulnerability of the septohippocampal system during the course of AD, few studies have investigated how the disease affects the role of septohippocampal networks in the generation and modulation of the rhythm. We report here that multiple focal A␤ injections associated with neuroinflammatory processes in the dorsal hippocampus weaken and detune oscillatory activity in the dorsal hippocampus of rats during recognition memory recall. A␤ also specifically reduces the activity of the rhythmic bursting medial septum-diagonal band GABAergic neurons that are phase locked to .
The present study confirms the finding that hippocampal A␤ injections induce a significant impairment of long term memory ability in rats (Stéphan et al., 2001; Stepanichev et al., 2006) . The behavior of rats was characterized during the exploration of familiar and novel visuospatial items. The preferential exploration of novel items in this paradigm involves a comparator function between what is expected, based on retrieval of past experience, and current sensory input, an operation requiring intact hippocampal function (Hasselmo et al., 1996; Fyhn et and slow (C) firing septal neurons from vehicle (top) and A␤-treated (bottom) rats that were recorded during hippocampal activity, identified by neurobiotin staining, and counterstained for ChAT and GAD. A, two rhythmic GABAergic parvalbumin-positive neurons. C, A cholinergic neuron in a vehicle-treated rat and a GABAergic neuron in one A␤-treated rat. Scale bars, 20 m. B, D, Corresponding spike activity and hippocampal LFP epochs. E, Histograms of autocorrelation of B traces with the corresponding rhythmicity index (RI) (see Materials and Methods). F, ChAT immunoreactivity in the medial septum after hippocampal A␤ injection. Shown is an example of analyzed sections of the medial septum-diagonal band corresponding to the major part of the vertical limb (0.6 mm 2 fields, Ͼ60% of medial septum-diagonal band between level 9.7 and 9.3 anterior to the interaural level) from vehicle-treated (left) and A␤-treated rats (right). Scale bar, 200 m. G, Parvalbumin immunoreactivity in the medial septum from vehicle-treated (left) and A␤-treated rats (right). Scale bar, 200 m. Hippocampal A␤ injections induced a reduction in GABAergic cell rhythmic firing rate and an increase in the probability for slow-firing cells to display GAD immunoreactivity in the absence of cell loss in the medial septum (see also supplemental Table  1 , available at www.jneurosci.org as supplemental material).
present data indicate that hippocampal A␤ has a major effect on visuospatial recognition memory in rats. This is consistent with the impairment in the detection of position changes observed in mouse model of AD with age (Hale and Good, 2005) . While A␤-treated rats presented a progressive impairment in novel visuospatial exploration, they also displayed a progressive increase in exploratory behavior related to familiar items. This latter observation supports the notion that hippocampal A␤ injections induce behavioral perseverance or impairment in the ability to inhibit irrelevant exploratory behavior in rats. Behavioral perseverance has been linked to injury in the hippocampal system (Whishaw and Tomie, 1997; Arkhipov et al., 2008) but is even more closely associated with injury of the prefrontal cortex (Morgan et al., 2003; Clarke et al., 2004) , where some neurons fire in synchrony with the hippocampal rhythm during learning (Jones and Wilson, 2005; Siapas et al., 2005; Sirota et al., 2008; Peyrache et al., 2009) .
Theta oscillations are the main oscillations observed in the hippocampus during exploratory behavior and cognitive operations (Winson, 1978, Buzsáki and Draguhn, 2004; Manns et al., 2007) . To investigate the effects of hippocampal A␤ on oscillations, hippocampal LFPs were recorded during exploratory behavior. In vehicle-treated as in A␤-treated rats, oscillations were maximal as the rat initiated active behavior such as climbing on items. After A␤-injection, oscillations during these time periods became progressively weaker with no decrease in sensorimotor activity, indicating a progressive reduction in the LFP response to exposure to novelty. The parallel decrease in power and preferential visits to novel items after A␤-injection is consistent with the extensive literature regarding the concomitant reduction of the hippocampal rhythm and spatial memory performance (Chrobak et al., 1989; Brioni et al., 1990; Givens and Olton, 1990; Chrobak and Napier, 1992; Nagahara and McGaugh, 1992) . The absence of a shift in the peak frequency of , recently associated with novelty detection (Jeewajee et al., 2008) in A␤-treated rats, indicates that hippocampal A␤ treatment disrupts the recruitment and modulation of oscillations in response to an increased cognitive load. This alteration is likely to play a role in the memory deficits observed in AD, since novelty detection, which contributes to the encoding of events in memory, is a prerequisite for efficient recognition memory function. The present study provides evidence that amyloid pathology results in oscillations and memory alterations but does not exclude the possibility that other mechanisms also contribute to novelty detection deficits. Among them, not only oscillators but higher frequency activity, as gamma oscillations, could be affected by hippocampal damage. The gamma band is phase modulated by oscillations (Hyman et al., 2005; Siapas et al., 2005 , Canolty et al., 2006 Sirota et al., 2008) , and theta-gamma interactions were recently related to memory processing (Tort et al., 2009) . Moreover, hippocampal high frequency oscillations, which elicit sharp waves that are good candidates for memory consolidation mechanisms (Peyrache et al., 2009 , Ramadan et al., 2009 , could be damaged after hippocampal amyloid injury.
It is generally assumed that the role of oscillations in learning processes is sustained by the imposition of a rhythmic -paced inhibition on all pyramidal neurons in the hippocampus. This process implies a wide distribution of connections from the source of the rhythm, notably from the medial septum-diagonal band (Petsche et al., 1962; Vanderwolf, 1969 , Bullock et al., 1990 ; Tó th et al., 1997). Long-range cholinergic and GABAergic (Tó th et al., 1993) septohippocampal projection neurons participate in the synchronization of hippocampal cell assemblies (Borhegyi et al., 2004) . Among them, a population of parvalbumin-containing GABAergic neurons has been identified as consisting of rhythmically bursting cells (Sotty et al., 2003; Borhegyi et al., 2004; Bassant et al., 2005 ) that serve as pacemakers for hippocampal (Hangya et al., 2009) . In the present study, recordings and histochemical identification indicate that hippocampal A␤ injections induced a decrease in the bursting activity of these neurons, but no change in their proportion or their phase-locking to . This suggests that the A␤ injections did not interfere with septal generation but greatly weakened its transmission to the hippocampus via the activity of rhythmic bursting neurons. Indeed slow-firing neurons in A␤-injected rats were essentially GABAergic, a phenomenon that is not observed in naive rats (Griffith and Matthews, 1986; Gorelova and Reiner, 1996; Sotty et al., 2003; Simon et al., 2006) . Moreover, the increased proportion of phase-locked septal neurons that exhibit slow-firing activity in A␤-injected animals further indicates that hippocampal A␤ strongly reduces the -bursting activity of septohippocampal GABAergic neurons. This reduction might reflect that some GABAergic cells spilled out from rhythmic bursting class to the slow-firing neuron class. However, the preferred phase might have also changed, which then may indicate altered hippocamposeptal back projection. This would have to be investigated on a large sample of neurons, as reported for the HCN (hperpolarization-activated, cyclic nucleotide-gated nonselective cation)-expressing GABAergic cells of the medial septum (Varga et al., 2008) .
Since GABAergic septohippocampal projections contact hippocampal interneurons that in turn relay phasic disinhibition to the principal neurons (Tó th et al., 1997) , this reduced GABAergic input to the hippocampus may account for aberrant oscillations. Interestingly, the reduction of the GABAergic septohippocampal neuronal drive is observed in the absence of detectable cell loss, indicating that this effect is predominantly due to the functional regulation of their activity rather than neuronal death.
The mechanisms underlying the changes in the firing of medial septum-diagonal band GABAergic neurons are unclear. An examination of the local microenvironment around A␤ deposits in the hippocampus confirms that focal A␤40 and A␤42 injections in rats trigger long-lasting microglial activation (Weldon et al., 1998; Stéphan et al., 2003; Colom et al., 2010) , as observed in the brain of AD patients (for review, see Akiyama et al., 2000) . This microglial activation contributes to neuronal alterations, including a local loss of dendritic spines and axonal dystrophy, as well as modifications in the functional properties of neurons (Busche et al., 2008; Meyer-Luehmann et al., 2008) . Interestingly, hippocampal A␤ accumulation triggers aberrant excitatory neuronal activity locally that is associated with remodeling inhibitory circuitry in the hippocampus (Palop et al., 2007) . The CA1 rhythm could be affected by a decoupling of one or several autonomous hippocampal oscillators recently described (Goutagny et al., 2009) . Thus, hippocampal A␤ may play a role in altering the activity of septal neurons not only by acting on their axon terminals, but also by modifying the activity of hippocampal neurons. Increased hippocampal activity may also preferentially suppress the activity of -modulated neurons of the medial septum-diagonal band (Dragoi et al., 1999; Hangya et al., 2009) . Moreover, strong oscillations require the synchronization of septal populations by external inputs, such as hippocamposeptal projections (Wang, 2002) . Alterations to this feedback projection could contribute to the decrease in the GABAergic septohippocampal projection and thus to anomalous hippocampal oscillations.
